Abstract. Tumor recurrence and distant metastasis following radiotherapy, which can lead to poor prognosis, are caused by residual cancer cells that acquire radioresistance. Chemotherapy or a combination of targeted inhibitors can potentially enhance radiation sensitivity and prevent metastasis. It was previously reported that co-administration of the hyaluronan synthesis inhibitor 4-methylumbelliferone (4-MU) enhanced the lethality of X-ray irradiation in HT1080 human fibrosarcoma cells and decreased their invasiveness to a greater extent than either treatment alone. To clarify the molecular basis of these effects, the present study conducted mRNA expression profiling by cDNA microarray to identify the signaling pathways that are altered under this combination treatment. The activation state of the signaling pathways was classified by z-scores in the Ingenuity Pathway Analysis. The results revealed that the pro-inflammatory cytokines interleukin (IL)-6 and IL-8 were activated by 2 Gy X-ray irradiation, an effect that was abolished by co-administration of 4-MU. Similar trends were observed for the upstream signaling component IL-1. These results indicate that the radiosensitivity of fibrosarcoma cells is improved by suppressing inflammation through the administration of 4-MU.
Introduction
The advancement of technology has resulted in highly accurate radiation therapy for primary solid tumors (1); however, recurrence or distant metastasis due to residual cancer cells resistant to irradiation remains a major problem that leads to poor outcome (2) Radioresistance in SAS oral squamous cell carcinoma cells, HEp-2 laryngeal cancer cells, and lung cancer cells can be induced by fractionated radiotherapy (3) (4) (5) (6) . Combining chemotherapy (e.g. cisplatin, 5-fluorouracil, and paclitaxel) with targeted inhibitors can potentially overcome radioresistance and extend progression-free and overall survival (7) (8) (9) (10) (11) (12) . However, few studies have examined the efficacy of combined treatments in preventing distant metastasis (10).
4-Methylumbelliferone (4-MU) is a hyaluronan synthesis inhibitor (13, 14) that has demonstrated anti-tumor and -invasion/metastasis effects in various cancer cell types and mouse models of prostate and liver cancer that are exerted via suppression of hyaluronan synthase (HAS) expression (15, 16 ). 4-MU was also shown to suppress inflammatory cytokines and chemokines such as interleukin (IL)-6 and -8 (17) . Elevated levels of nuclear factor (NF)-κB, a cytokine and transcription factor that regulates proinflammatory molecules such as IL-1β and IL-6 and tumor necrosis factor (TNF)α induce resistance to apoptosis (18) and radiotherapy (19) in cancer cells. IL-6 is a potential therapeutic target owing to its close association with cancer stem cells (20, 21) .
We speculated that combined administration of 4-MU which has anti-inflammatory effects and radiotherapy can not only prevent distant metastasis but also sensitize radioresistant cells to the effects of X-ray radiation. In our previous study, HT1080 human fibrosarcoma cells were exposed to 2 Gy X-ray radiation in the presence of 100 µM 4-MU (22); this inhibited colony-forming ability and metastatic potential, which was accompanied by downregulation of matrix metalloproteinases-2 and -9. However, the mechanistic basis of these effects is unclear. We addressed this in the present study by performing mRNA profiling to identify factors related to the anti-tumor and -invasion effects of 4-MU in HT1080 cells.
Materials and methods
Reagents. 4-MU was purchased from Nacalai Tesque (Kyoto, Japan) and diluted in dimethylsulfoxide (Wako Pure Chemical Industries, Ltd., Osaka, Japan); the working concentration was 500 µM. The reason for using 500 µM 4-MU was that clear effects of 4-MU could be observed and the cytotoxic effect was low for normal fibroblast cells at a 500 µM concentration (22). Clonogenic potency assay. The clonogenic potency of HT1080 cells was estimated with the colony formation assay. Appropriate numbers of cells were seeded and incubated for 2 h, then subjected to X-ray irradiation at 1-6 Gy in the presence of 500 µM 4-MU followed by incubation for 24 h. After 7-10 days of culture with regular changes of medium cells were fixed with methanol (Wako Pure Chemical Industries, Ltd.) stained by Giemsa (Wako Pure Chemical Industries, Ltd.), and quantified.
Regulation of radiosensitivity by 4-methylumbelliferone via the suppression of interleukin-1 in fibrosarcoma cells
Irradiation. Ionizing radiation (IR) was delivered using an X-ray generator (MBR-1520R-3; Hitachi Medical, Co., Tokyo, Japan) with 0.5-mm aluminum and 0.3-mm copper filters at a distance of 45 cm between the focus and target (150 kV, 20 mA, 1.0 Gy/min). During X-ray exposure, the total dose and dose rate were monitored with a thimble ionization chamber placed next to the sample.
Flow cytometry analysis.
To evaluate the expression of the IL-6 receptors CD126 and CD130, and the IL-1α/β receptor type I IL-1R, cells were resuspended in 100 µl Dulbecco's phosphate-buffered saline without CaCl 2 and MgCl (Takara Bio, Inc., Otsu, Japan) containing 5% FBS and PE-conjugated anti-human CD126 antibody (3 µl/10 6 cells), APC-conjugated anti-human CD130 antibody (3 µl/10 6 cells), and PE-conjugated anti-human type 1 IL-1R antibody for 15 min at 4˚C in the dark. To detect cell death, cells labeled with FITC-annexin V (3 µl/10 6 cells) were resuspended in annexin V binding buffer (cat. no. 422201; BioLegend) and incubated for 15 min at room temperature in dark with PI (6 µl/10 6 cells), followed by flow cytometry analysis on FACS Aria instrument (BD Biosciences, Tokyo, Japan).
RNA extraction and analysis. Total RNA was extracted from HT1080 cells 24 h after irradiation and/or 4-MU administration using the RNeasy Mini kit (Qiagen GmbH, Hilden, Germany), and RNA quality was confirmed with an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA, USA). Cyanine (Cy)3-labeled cRNA samples were synthesized from total RNA and hybridized to 8x60K format SurePrint G3 Human GE v2 microarray slides (eArray Design ID= 039494) according to the manufacturer's instructions (Agilent Technologies, Inc.). Cy3 fluorescence was detected with a DNA microarray scanner (G2600A SureScan) and processed using Feature Extraction software (both from Agilent Technologies, Inc.).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
. cDNA was synthesized using a RT kits (Applied Biosystems; Thermo Fisher Scientific, Inc.) and used as a template for PCR in a 20-µl reaction mixture containing 2X SYBR Premix Ex Taq (Takara Bio, Inc.) and 0.5 µM forward and reverse primers ( Table I ). The reaction was carried out on a real-time PCR system (StepOne Plus; Life Technologies) under the following conditions: 30 sec at 95˚C, followed by 40 cycles of 95˚C for 5 sec, and 54˚C for 30 sec. Target gene expression levels were calculated relative to that of glyceraldehyde 3-phosphate dehydrogenase mRNA (internal control) with the comparative ΔΔCq method (23) .
Enzyme-linked immunosorbent assay (ELISA).
The levels of IL-1α, -1β, and -6 secreted by cells were measured using the Human IL-1α, IL-1β, and IL-6 DuoSet ELISA kits (all from R&D Systems), respectively, according to the manufacturer's protocols. Cells were treated with 500 µM 4-MU and irradiated with 2 Gy X ray, followed by incubation in serum-free medium. Culture medium conditioned for 24 h was used for the ELISA assay. Cytokine concentration was determined per million cells.
Statistical analysis. Statistical analysis of microarray data was performed using GeneSpring (Agilent Technologies, Inc.). Upand downregulated mRNAs transcripts were selected based on fold change (>2-fold) of irradiated and/or 4-MU-administered samples relative to control samples. Ingenuity Pathway Analysis (IPA; Qiagen Silicon Valley, Redwood City, CA, USA) was used for functional analysis of each transcript. The significance of differences between control and experimental cultures was evaluated with one-way analysis of variance and the Tukey-Kramer test. Statistical analyses were performed using Microsoft Excel 2010 (Microsoft Corporation, Redmond, WA, USA) with the add-on software Statcel v3 (OMS Publishing, Saitama, Japan). P<0.05 was considered to indicate a statistically significant difference.
Results

Radiosensitization by 4-MU.
To investigate whether the anti-inflammatory effect of 4-MU enhances radiosensitization, we evaluated the clonogenic potency of HT1080 cells exposed to 4-MU and/or X-ray radiation with the colony formation assay. The survival of cells treated with 4-MU combined with X-ray irradiation was decreased in a radiation dose-dependent manner compared to X-ray irradiation alone (Fig. 1A) . This was confirmed by annexin V and PI staining. Representative dot plots and quantified data are shown in Fig. 1B and C. The number of cells positive for both annexin V and PI was increased 6 h after X-ray irradiation (9.12±0.52%) (Fig. 1C) . A comparable increase was observed upon treatment with 4-MU alone for 6 h (10.13±0.03%). On the other hand, there were more annexin V and PI positive cells in the group exposed to both 4-MU and X-ray radiation as compared to either treatment alone (12.58±0.23%). These results suggest that 4-MU enhances the sensitivity of HT1080 cells to the lethal effects of X-ray radiation.
mRNA profiling and IPA. We performed a microarray analysis to determine the signaling pathways affected by 4-MU treatment combined with X-ray irradiation. A total of 2873, 4085, and 3179 genes were differentially expressed in cells treated with 4-MU alone, X-ray alone, and 4-MU + X-ray, respectively. The IPA z-scores revealed that signaling pathways associated with inflammation including IL-8 and -6 and Toll-like receptor signaling were altered by treatment with 4-MU or/and 2 Gy X-ray radiation ( Fig. 2A) . Moreover, IL-1α and -1β were inactivated in cells treated with 4-MU only (Fig. 2B) .
IL-1α, IL-1β, and IL-6 mRNA levels in cells and IL-1α, IL-1β, and IL-6 concentrations in the cell culture supernatant were analyzed by RT-qPCR and ELISA, respectively. IL-1α and -1β transcript levels in cells exposed to X-ray radiation alone were increased about 2-fold relative to the control, whereas the levels in cells treated with 4-MU showed the opposite trend (Fig. 3A) . However, IL-1α concentration in the supernatant was 3-fold higher in 4-MU treated as compared to control cultures (1.73±0.21 vs. 5.09±0.48 pg/ml), whereas IL-1α concentration (per 10 6 cells) in the culture supernatant of cells exposed to both 4-MU and X-ray radiation was higher than that in the radiation-only group (5.71±1.73 vs. 2.20±0.31) (Fig. 3B) . On the other hand, the IL-1β concentration in the culture supernatant was correlated with the mRNA expression. X-ray irradiation increased IL-6 mRNA level 1.7-fold relative to the control (Fig. 3A) ; however, the level was decreased 0.8-fold by treatment with 4-MU combined with X-ray irradiation. IL-6 level in the culture supernatant of cells exposed to radiation alone was 2-fold higher than that in the control group (2.84±0.21 vs. 5.95±0.11 pg/ml) (Fig. 3B) , whereas concentrations for cells treated with 4-MU with or without X-ray irradiation were similar to that of control cultures (2.05±0.36 and 2.39±0.21 pg/ml, respectively). This suggests that the increase in IL-6 expression and release induced by X-ray irradiation was reversed by 4-MU treatment which suppressed inflammation by inhibiting IL-1β production.
Expression of inflammatory cytokine receptors.
To investigate whether IL-1α, -1β, and -6 receptors are suppressed by 4-MU, we examined the expression of the cognate surface receptors [type 1 IL-1R (CD121a), CD126, and CD130, respectively] by flow cytometry. The mean fluorescence intensity of CD121a on cells exposed to X-ray radiation alone was higher than that of control cells (59.88±18.3 vs. 74.29±10.3, respectively) ( Fig. 4A and D) . On the other hand, the mean fluorescence intensity of CD121a in the 4-MU only (55.22±4.38) and 4-MU/X-ray radiation combination (62.79±3.72) groups did not differ significantly from that of the control group (P= 0.429, 0.268, respectively), suggesting that the increase in CD121a expression induced by X-ray irradiation was marginally suppressed.
The mean fluorescence intensity of CD126, the ligand binding protein for IL-6, was unaltered by X-ray irradiation relative to the control (74.48±5.74 vs. 96.17±14.1). 4-MU treatment reduced the signal intensity to about half that of the control group (4-MU alone: 56.54±6.12; 4-MU combined with X-ray: 52.11±3.71) (Fig. 4B and D) . On the other hand, the mean fluorescence intensity of CD130, the signal transducer for IL-6 receptor, was downregulated by 2 Gy X-ray irradiation as compared to the control (260.40±11.4 vs. 295.76±1.46) and was further decreased by 4-MU administration (4-MU alone: 239.42±9.99; 4-MU combined: 249.57±13.5) (Fig. 4C and D) . These results indicate that expression of IL-6 receptors were suppressed by 4-MU treatment.
Discussion
Recent some studies have described the anti-tumor and -invasion effects of 4-MU and the role of HAS in various malignancies (24) (25) (26) . HA is closely related to cancer cell proliferation, invasion, and metastasis (27) . 4-MU was reported to inhibit activation of Akt signaling by modulating the interaction between HA, CD44, and the receptor for hyaluronan-mediated motility complex (15) . On the other hand, angiogenesis was suppressed by downregulation the proinflammatory cytokines IL-6 and -8 and the chemokine C-X-C motif chemokine ligand 12 (17) . In accordance with these findings, we found that the increase in IL-1β and -6 expression caused by X-ray irradiation was abolished by 4-MU treatment. However, whether this effect leads to radiosensitization effects, needs to be verified using neutralizing antibodies and gene knockdown experiments. IL-1α has been reported to consolidate cellular scaffolds in HT1080 cells (28) . Liberation of cells by processes such as epithelial-mesenchymal transition is known to be the initiation of invasion into the blood vessel (29) . Therefore, it was suggested that 4-MU prevents liberation of cells by promoting the release of IL-1α. However, conflicting IL-1α between mRNA and protein levels indicate that 4-MU might have the effect of stabilizing IL-1α. Since 4-MU has multiple functions, further verification is necessary. Inflammatory cytokines have been linked to radioresistance in cancer stem cells. In particular, IL-6, an activator of the Janus kinase/signal transducer and activator of transcription 3 (STAT)3 signaling pathway, has been shown to inhibit the oxidative stress response (30) and DNA repair in non-small cell lung cancer cells (31, 32) and promote cancer cell resistance to radio-and chemotherapy. On the other hand, IL-1β promotes angiogenesis and migration and is implicated in the tumorigenicity of fibrosarcoma cells (28) . Blockade of IL-1 signaling overcame erlotinib resistance in head and neck squamous cell carcinoma (33) . Activation of NF-κB, plays an important role in the release of IL-1β and -6 and TNFα, which triggers a positive feedback loop in the inflammatory response (34) . NF-κB activation induces anti-apoptotic genes such as B cell lymphoma (Bcl)-2 and Bcl-extra-large leading to radio-and chemotherapeutic resistance (35) . Thus, controlling the inflammatory cascade can potentially improve the outcome of radiotherapy. The expression of CD121a was not significantly among treatments indicating that 4-MU has no effect on the IL-1 receptor but suppresses only release of IL-1β. However, we found that expression of CD126 and CD130 on cell surface was suppressed in the presence of 4-MU, suggesting that the exchange of inflammatory response between adjacent cells causing radioresistance was indirectly suppressed through inhibition of IL-1β and IL-6 release, and the receptors of IL-6.
HA is synthesized by HAS and is cleaved by hyaluronidase or oxidative stress, yielding a lower molecular weight form (36) that activates macrophages and stimulates the production of proinflammatory cytokines such as IL-1β through the HA/CD44 interaction thereby enhancing proliferation and angiogenesis (37) . IL-1β and TNFα induced the human manganese superoxide dismutase gene such as SOD2, which is an enzyme that degrades active oxygen generated in cells (38) . X-ray irradiation has been shown to produce reactive oxygen species (ROS) or free radicals that indirectly and/or directly induce DNA strand breakage and exert cytotoxic effects (39, 40) . Radiosensitizing effect of 4-MU was suggested to be due to the accumulation of ROS.
In conclusion, 4-MU increased the sensitivity of HT1080 cells to X-ray radiation by inhibiting the production of the proinflammatory cytokines IL-1β and -6. Thus, the efficacy of radiotherapy can be enhanced by co-administration of 4-MU. Additional research is needed to determine whether 4-MU can also prevent distant metastasis of cancer cells; however, our results highlight the clinical potential of 4-MU as a radiosensitizing agent that can improve treatment outcome.
